a Delicately engineering the well-defined noble metal aerogels with favorable structural and compositional features is of vital importance for wide applications. Here, we reported one-pot and facile method for synthesizing core-shell PdPb@Pd hydrogels/aerogels with multiply-twinned grains and ordered intermetallic phase using sodium hypophosphite as a multifunctional reducing agent. Due to the accelerated gelation kinetics induced by increased reaction temperature and specific function of sodium hypophosphite, the formation of hydrogels can be completed within 4 hrs. Owing to their unique porous structure and favorable geometric and electronic effects, the optimized PdPb@Pd aerogels exhibit enhanced electrochemical performance towards ethylene glycol oxidation with a mass activity of 5.8 times higher than Pd black.
Introduction
Rational synthesis and assembly of porous noble metal nanomaterials and construction of more functional architectures has seen much progress and enormous efforts have been directed toward the synthesis and exploration of them in catalysis, sensors, energy conversion and storage. [1] [2] [3] [4] [5] [6] Among them, noble metal-involved aerogels, as a class of promising electrocatalysts, hold great promise in fuel cells and related fields. 7, 8 These noble metal aerogels are porous monoliths with controlled nanostructures, bridging the gap between nanoscale and macroscale. Due to the combined advantages of noble metals and aerogels, such as low density, high surface area, profuse porosity and excellent electrocatalytic activity, noble metal aerogels can not only significantly increase the number of active site of noble metals but also provide enhanced electrolyte permeability and fast mass transport/electron transfer, further accelerating the reaction kinetics. After the first report on the creation of noble metal aerogels such as Pt, Ag/Au and Ag/Pt, 9 the novel unsupported aerogels with a proper shape and composition control have shown excellent electrocatalysts for oxygen reduction reaction, ethanol/formic acid electrooxidation. [10] [11] [12] [13] The synthesis of noble-metal aerogels is of vital importance to control its morphology, porosity and other physical features. Besides the usual two-step gelation process featured with complicated concentration and destabilization steps, 9, 14, 15 one-step process utilizing the reduction of noble metal precursors with NaBH 4 provides a promising alternative for the facile synthesis of hydrogels/aerogels. 16, 17 Our recent progress for efficient synthesis of nonprecious metal-involved CuM (M=Pd, Pt and Au) aerogels within 6 hrs featured with accelerated gelation kinetics further enriches the synthetic methodology for noble metal hydrogels/aerogels and extending their electrochemical applications. 18 While tremendous efforts have been devoted to this emerging field, tuning their properties via the construction of a diverse variety of structures and compositions in nanostructures require the new synthetic systems and several critical issues on the design and synthesis of noble metal-based aerogels should be addressed. Normally, NaBH 4 was used as reducing agent in this one-step method. The resultant noble metal aerogels characterized by nanowire network structures were obtained irrespective of their compositions. [16] [17] [18] [19] So far, as a key parameter, the effect of the reducing agents on the gelation of nanoparticles and the formation of the final hydrogels has not yet been investigated. Second, constructing nonprecious metals-involved bi/multimetallic aerogels along with a shape/structure-controlled poses a greater challenge for enhancing their electrocatalytic performance due to the kinetics and further shortening the gel formation time will be critical for the development of noble metal aerogels and their practical applications. In this study, an one-pot method of synthesizing core-shell PdPb@Pd hydrogels/aerogels were developed for the first time using sodium hypophosphite as a multifunctional reducing agent. Besides, sodium hypophosphite also plays a critical role in affecting the structural evolution of the multiplytwinned PdPb@Pd aerogels with ordered intermetallic phase. By taking advantage of the accelerated gelation kinetics with the help of increased reaction temperature and specific function of sodium hypophosphite, the formation of this kind of hydrogel can be completed with 4 hrs. Thanks to the unique structures and favorable composition, the obtained multiply-twinned PdPb@Pd aerogels exhibited enhanced electrochemical performance towards ethylene glycol oxidation.
Results and discussion
The synthesis procedure of the multiply-twinned Pd 3 Pb 1 @Pd aerogels is illustrated in Fig. 1a . Typically, 0.315 mL Na 2 PdCl 4 (0.05 M) and 0.105 mL Pb(NO 3 ) 2 (0.05 M) was dissolved with 35 mL of deionized water with stirring at 60 °C. Then, 0.84 mL NaHPO 2 (0.5 M) was rapidly injected into the above solution (Table S1 , ESI †). The resulting solution was stirred for 30 seconds, followed by settling for about 4 h. Different from previously reported, different reducing agent, i.e. NaHPO 2 , rather than NaBH 4 was used in our reaction systems. It is found that solution turn black instantly upon the addition of NaHPO 2 , indicating the reduction of metal precursors. Surprisingly, fluffy black solids start to appear in solution within 15 min, which was faster than most noble metal aerogels reported previously, [16] [17] [18] [19] where NaBH 4 was adopted as reducing agent. As reaction time goes on, fluffy black solids fused and the jelly-like hydrogel is completely settled down in solution after 4 hrs ( Fig. 1b and Fig. S1 , ESI † ). After carefully washing with water and completely replacing water with ethanol, the final aerogels can be obtained using supercritical CO 2 drying.
The obtained PdPb aerogels were characterized by scanning electron microscopy (SEM) and transmission electron microscopy (TEM). Different from carbon-based aerogels, metal aerogels are fragile and subject to break because of the lack of flexibility. SEM image revealed that the as-prepared Pd 3 Pb 1 @Pd aerogels possess porous nanostructures and are comprised of fused nanostructures. It should be noted that a common feature of the noble metal aerogels is that the building blocks involved, normally nanoparticles, are fused and interconnected with each other. As can be seen from the TEM images of Fig. 1d and e, the resultant Pd 3 Pb 1 @Pd aerogels were composed of fused nanoparticles with uneven size distribution of 5-40 nm, which is different from aforementioned noble metal-based aerogels characterized by distinct nanowire networks with a narrow size distribution of building blocks through one-step synthetic approach using NaBH 4 as reducing agent. The typical selected-area electron diffraction (SAED) pattern presented in the inset of Fig. 1d shows the presence of ordered intermetallic Pd 3 Pb phase (JCPDS 20-0827) in Pd 3 Pb 1 @Pd aerogels.
To further characterize the atomic structure of the resultant aerogels, high-resolution TEM (HRTEM) and high-angle annular dark-field scanning TEM (HAADF-STEM) were carried out. As shown in Fig. 2a and d , the 5-fold twin boundaries are clearly observed in the fused nanoparticles within Pd 3 Pb 1 @Pd aerogel. The fast Fourier transform (FFT, Fig.2b ) of the Pd 3 Pb 1 @Pd aerogel further confirms their multiply-twinned structures. 21, 22 The lattice spacings are measured to be 0.23 ± 0.01 nm, Please do not adjust margins Please do not adjust margins corresponding to the (111) plane of Pd 3 Pb nanocrystal. The elemental distribution of Pd and Pb at the fused nanoparticles was characterized using STEM-electron energy-loss spectroscopy (EELS) mapping (Fig. 2e-h ). It is clear that Pd 3 Pb 1 @Pd was composed of PdPb alloyed core with the unique atomic redistribution within the resultant PdPb aerogels, and the presence of a Pd shell around the PdPb core was indeed confirmed. Furthermore, the STEM-EELS line-scan in Fig. 2i and j also revealed the average thickness of Pd surface layer is about 0.5 ± 0.15nm (about three atomic layers), indicative of the evolution of the core-shell nanostructures.
Furthermore, the effect of Pd/Pb mole ratio on the gel formation was investigated. On the one hand, the molar ratio between Pd and Pb in the final aerogels can be tuned by controlling the precursor ratios (Table S1 and Fig. S2, ESI †) . The gel formation can also be achieved within 4 hrs and no obvious difference was observed likely due to the accelerated gelation kinetics. The TEM images of the Pd 1 Pb 1 (Fig. S3a, ESI †) and Pd 5 Pb 1 (Fig. S3b , ESI †) revealed that these aerogels are also composed of irregularly fused nanoparticles. In contrast, the hydrogel can not be formed only in the presence of Pd precursor at least 12 h, demonstrating that the structure directing function of Pb plays a significant role in the formation of PbPb hydrogels. However, fused nanowire networks with narrow size distribution (~10 nm) for the Pd were also found (Fig. S3c, ESI †) . The crystal structures of the as-prepared PdPb aerogels and monometallic Pd nanowire networks were further examined by X-ray powder diffraction (XRD) (Fig. 3a) . Monometallic Pd nanowire networks exhibited a typical facecentered cubic (fcc) structure agreed well with a standard Pd pattern (JCPDS 46-1043). Upon addition of Pb, these PdPb@Pd aerogels are mainly composed of ordered Pd 3 Pb intermetallic phase (JCPDS 20-0827) and a small negative shift in diffraction peaks was found with the increase in Pb content. As far as we know, it is also the first time for the synthesis of ordered intermetallic nanostructures in aqueous solution at very low temperature. [23] [24] [25] [26] Meanwhile, it is noted that some weak diffraction peaks located at about 30° appeared for Pd 1 Pb 1 @Pd, which is likely due to the generation of Pb or Pb oxides within PdPt aerogels. 27 The overall Pd/Pb compositions, measured by inductively coupled plasma atomic emission spectroscopy (ICP-MS) are 54/46, 62/38 and 74/26 for Pd 1 Pb 1 , Pd 3 Pb 1 and Pd 5 Pb 1 , respectively. The X-ray photoelectron spectroscopy (XPS) was also used to study the surface chemical composition and valence states ( Figure S4a ). Based on the XPS result, the atomic ratio of the different element was calculated and listed in (Fig. 3b ). Trace amount P (3-6at%) was observed for PdPb aerogels likely because of the adsorption of P precursor and the phosphorus formed during the reduction process (Fig. S4b, ESI †) . Noted that the P content can reach up to 30at% for Pd nanowire networks, revealing that P is more preferred to be evolved only in the presence of Pd precursor. Based on the structure and composition features mentioned above, it can come to the conclusion that the introduction of sodium hypophosphite plays a dominated role in the evolution of the final hydrogels/aerogels. Accordingly, the related mechanism was proposed. Hypophosphite can reduce Pd 2+ precursor to generate metallic Pd nuclei (Eq. 1). 28 Based on the fact that no obvious change was found when only Pb 2+ existed in the precursor solution, it was proposed that Pb 2+ was apt to be reduced in the presence of previously formed Pd nuclei (Eq. 2). On the one hand, the introduction Pb 2+ accelerated gelation kinetics and directed the evolution of the core-shell PdPb@Pd hydrogels/aerogels with multiply-twinned defects. A large number of fused nanoparticles can be obviously observed in a very short time of ca. 30 s. On the other hand, different from the Pd nanowire networks enriched in P, it seems that the presence of Pb 2+ inhibits the formation of P according to Eq. 3 and 4.
28, 29
‫ܪ‬ ଶ ܲ (4) As a comparison, we also prepared PdPb hydrogels using NaBH 4 as reducing agent in spite of the relatively lower gelation kinetics. The TEM image in Fig. S5 (ESI †) shown a typical nanowire network with a diameter of about 8 nm, similar with PdCu aerogels reported previously. 18 The hypophosphite promotes the gelation in spite of the different fused nanostructures, which was ascribed to the less tendency of orientated attachment of building blocks because of the complex interaction among them. Despite the difference in standard reduction potential between PdCl 4 2+ /Pd (+0.591 V vs standard hydrogen electrode (SHE)) and Pb 2+ /Pb (-0.126 V vs RHE), Pd overlayer shell rather than Pb-enriched shell was formed, 30 which was closely associated with a rearrangement of dissimilar atoms driven by interdiffusion and segregation during the fusion of the nanoparticles at the early stage of the hydrogel formation. 31 The accelerated gelation kinetics has the other clear implication: The increase reaction temperature facilitates the orientated attachment of the unstable intermediate state and the fusion of the bare building blocks without capping agents was also favorable because of the high surface energy. 14, 30, 32 In contrast, the PdPb hydrogels can not be evolved at room temperature within 12 h. However, the powerful function of hypophosphite for evolving core-shell /Pd, no color change was found when hypophosphite was added to the Au and Pt involved precursor solutions (Fig. S6, ESI †) . However, we found the Cu 2+ had the same function and successfully extend this synthetic approach to PdCu hydrogels/aerogel with different compositions (Fig. S7 , ESI †). Taken together, hypophosphite reduction provided a promising alternative route for the construction of more complex noble metal-based aerogel at the nanoscale via onestep approach, holding great promise for different applications. The use of ethylene glycol (EG) in direct alcohol fuel cells has gained great interest and Pd-based nanomaterials have demonstrated superior electrocatalytic activity for EG oxidation reaction (EGOR) in alkaline media. [33] [34] [35] [36] [37] [38] Taking advantage of the porous feature, ordered intermetallic phase, bare surface as well as core-shell nanostructures with multiplytwinned defects, the resultant bimetallic PdPb@Pd aerogels are expected to be good candidates for EGOR in alkaline solution. First, the cyclic voltammetry (CV) curves of PdPb aerogels, Pd nanowire network and Pd black were recorded in 1 M KOH at a sweep rate of 50 mV s -1 . (Table S3 ). Furthermore, the stability of the PdPb@Pd aerogels for EGOR was examined by chronoamperometric experiments. The current-time curves in Fig. 4d clearly verified the fact that the introduction of Pb is of great significance for the enhanced stability and all the PdPb@Pd aerogels have a better stability than monometallic counterparts. As expected, Pd 3 Pb 1 @Pd aerogels possessed the highest current density among these catalysts over the whole 3000 s test. Besides, ICP-MS measurement showed that no distinct Pb (﹤0.002 ug/L) was leaked out from catalysts after long stability test (50000s), indicating the structural stability of the Pd 3 Pb 1 @Pd.
Conclusions
In summary, using sodium hypophosphite as a functional reducing agent, we succeeded in synthesizing core-shell PdPb@Pd aerogels with multiply-twinned defects through one-step method. In addition to the specific function of hypophosphite, the accelerated gelation kinetics can be realized simply through increasing reaction temperature and the formation of this kind of hydrogels can be completed with 4 hrs. Benefitting from the unique 3D porous characteristics, bare surface and the favorable geometric and electronic synergy including ordered intermetallic phase and controlled core-shell structures with multiply-twinned grains, the PdPb@Pd aerogels reported herein exhibited high electrocatalytic activity and stability toward EGOR. The mass activity of the optimized Pd3Pb1@Pd aerogels is about 5.8 times higher than that of Pd black. This study provides a new structure and composition-engineering strategy for designing more functional noble metal-based aerogels with an excellent electrocatalytic performance for EGOR and beyond.
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